Calcification and inorganic carbon acquisition in coccolithophores by Lorraine Berry Ab et al.
Publishing
Volume 29,  2002
©  CSIRO  2002
Functional Plant Biology
CSIRO Publishing
PO Box 1139 (150 Oxford St)
Collingwood, Vic. 3066, Australia
Telephone: +61 3 9662 7625
Fax: +61 3 9662 7611
Email: publishing.fpb@csiro.au
Published by CSIRO Publishing 
for CSIRO and the Australian Academy of Science
www.publish.csiro.au/journals/fpb
All  enquiries and manuscripts should be directed to:
F FU UN NC CT TI IO ON NA AL L P PL LA AN NT T
B BI IO OL LO OG GY Y
Continuing Australian Journal of Plant Physiology© CSIRO 2002 10.1071/PP01218 1445-4408/02/020289
Funct. Plant Biol., 2002, 29, 289–299
Calciﬁcation and inorganic carbon acquisition in coccolithophores
Lorraine BerryAB, Alison R. TaylorA, Uwe LuckenC, Keith P. RyanA and Colin BrownleeAD
AMarine Biological Association, The Laboratory, Citadel Hill, Plymouth PL1 2PB, UK.
BSchool of Biological Sciences, University of Wales, Swansea, Singleton Park, Swansea SA1 2PP UK.
CFEI-Electron Optics, Building AAE, Achtseweeg Noord, 5600 MD Eindhoven, The Netherlands.
DCorresponding author; email: cbr@mba.ac.uk
This paper originates from a presentation at the IVth International Symposium on Inorganic Carbon Utilisation by 
Aquatic Photosynthetic Organisms, Palm Cove, Queensland, Australia, August 2001
Abstract. A number of species of coccolithophorid phytoplankton precipitate calcite inside intracellular vesicles
(coccolith vesicles). They can form vast blooms under certain conditions, and account for major ﬂuxes of inorganic
carbon (Ci) to the ocean ﬂoor. The functions of calciﬁcation have been debated for many years, and a role in carbon
acquisition has been proposed by several workers. The precipitation of calcite from HCO3
– involves the production
of protons that can potentially be used to facilitate the use of external HCO3
– as a photosynthetic substrate. For this
function to be feasible, certain criteria must be met. HCO3
– (rather than CO3
2–) should be the external substrate for
calciﬁcation, photosynthesis should be facilitated by HCO3
– in calcifying cells when CO2 availability is limiting,
and the transport of Ci and Ca2+ to the site of calciﬁcation should be energetically and kinetically feasible.
Considerable evidence exists for HCO3
– as the substrate for calciﬁcation in coccolithophores. However, evidence
for a direct role for calciﬁcation in supply of Ci for photosynthesis is less clear. The environmental factors that
regulate calciﬁcation are still uncertain but appear to be related as much to the availability of nutrients as CO2.
Transport of Ci to the intracellular site of calciﬁcation and removal of H+ from the coccolith vesicle appear to
present few energetic or kinetic constraints. However, the large sustained transcellular ﬂuxes of Ca2+ required for
calciﬁcation probably occur via a pathway that does not involve diffusion across the cytoplasm.
Keywords: calcification, calcium, carbon acquisition, coccolithophores, coccolith vesicle, endoplasmic reticulum,
photosynthesis.
Introduction
Calciﬁcation and the global carbon cycle
The bulk of global calciﬁcation occurs by biogenic proc-
esses in the oceans. The oceans are supersaturated with Ca2+
and CO3
2–, though spontaneous chemical precipitation of
CaCO3 is largely absent due to kinetic barriers
(e.g. Westbroek  et  al. 1994). Calciﬁcation involves the
precipitation of CaCO3 from Ca2+ and CO3
2– ions in
solution. In most cases this involves the generation of
micro-environments that allow super-saturation of CaCO3
and regulated crystallisation. Calciﬁcation has been wide-
spread amongst the world’s biota since at least the Cambrian
era, and probably evolved considerably earlier than this
(Kempe et al. 1989; Simkiss and Wilbur 1989). Calciﬁcation
is likely to have had multiple evolutionary origins. In
prokaryotes, calciﬁcation is likely to have evolved in parallel
with a variety of metabolic process, including nitrate or
sulfate reduction, photosynthesis, and redox transport
(Simkiss and Wilbur 1989). In eukaryotes, evolutionary
driving forces such as grazing pressure, defence and
structural support of increasingly complex multicellular
organisms would also favour development of biomineralized
structures. Moreover, as Ca2+ levels increased in the early
oceans, the precipitation of phosphate by Ca2+ inside cells
would become problematic, leading to selection of organ-
isms that were able to extrude Ca2+ from inside their cells to
the external medium (Degens and Itterkkot 1986). In certain
multicellular eukaryotic algae such as Halimeda, calciﬁ-
cation in intercellular spaces is associated with photo-
synthetic Ci uptake (Borowitzka 1982). In certain giant-
celled algae such as Chara and Nitella, photosynthetic Ci
uptake is coupled with calciﬁcation in alkaline bands on the
cell surface which correlate with the spatial separation of H+
Abbreviations used: CA, carbonic anhydrase; CAext, external carbonic anhydrase; Ci, inorganic carbon; CV, coccolith vesicle; ER, endoplasmic
reticulum; K0.5(CO2), concentration of CO2 required for half-maximal activity; Km, Michaelis-Menten value for the afﬁnity of an enzyme for its
substrate; myr, million years; pCO2, partial pressure of CO2.290 L. Berry et al.
inﬂux and efﬂux pathways in the plasma membrane (Lucas
1983; McConnaughey and Whelan 1996).
Marine biogenic calciﬁcation and its relation to photo-
synthesis is an important, though little understood, process
in the global carbon cycle (Holligan and Robertson 1996).
Three major classes of organisms are responsible for the
bulk of oceanic calciﬁcation. These are the corals,
foraminiferae, and the coccolithophorid phytoplankton. The
pelagic foraminiferae and coccolithophores together
probably account for the bulk of modern day global CaCO3
production. While accurate estimates of the relative contri-
butions of these organisms are lacking, it is likely that the
coccolithophores may represent up to half of all current
oceanic CaCO3 production (Milliman 1993). Coccolitho-
phores are photosynthetic unicells belonging to the
Haptophyta (Green and Leadbeater 1994). They are abun-
dant in all of the world’s oceans, and certain species such as
Emiliania  huxleyi and Gephyrocapsa  oceanica  can form
massive seasonal blooms in temperate latitudes (Holligan
et al. 1983, 1993; Fernandez et al. 1991, 1993). The
calciﬁed structures (coccoliths) consist of intricate and
regular crystalline structures on the cell surface, where they
form the external coat or coccosphere (Paasche 1962;
Manton and Leedale 1969). Holococcoliths are simple
single crystalline structures, while heterococcoliths are
more complex multi-component structures (Young et  al.
1999). Current evidence suggests that holococcoliths are
formed on the external cell surface, while heterococcoliths
are produced in an intracellular compartment, the coccolith
vesicle (CV), which has been shown to derive from the
Golgi (van der Wal et al. 1985; Young et al. 1999). Certain
species (e.g. Coccolithus  pelagicus) have both hetero-
coccolith- and holococcolith-producing phases, while others
produce heterococcoliths (e.g. E. huxleyi) or holococcoliths
(e.g.  Calyptosphaera  sphaeroidea) only. The coccosphere
does not appear to serve a simply protective role since,
during high rates of calciﬁcation, coccolith overproduction
may result in increased numbers of coccoliths becoming
detached from the cell (Paasche 1998, 1999).
The oceans represent a signiﬁcant sink for atmospheric
CO2, removing approximately 30% of current anthro-
pogenic CO2 emissions (Siegenthaler and Sarmiento 1993).
In this context, coccolithophores and foraminifera play a
signiﬁcant role in the formation of sinks for Ci (Milliman
1993; Holligan and Robertson 1996). However, the use of
HCO3
– as the substrate for calciﬁcation (see below) also
results in the net production of CO2 during calciﬁcation
(Frankignoulle et al. 1994; Purdie and Finch 1994). 
Ca2+ + 2HCO3
– ↔   CaCO3 + CO2 + H2O. (1)
Since rates of carbon ﬁxation by calciﬁcation are often
comparable to photosynthetic carbon ﬁxation rates, it
follows that coccolithophore populations showing high rates
of calciﬁcation have the potential to reduce the drawdown of
atmospheric CO2 relative to non-calcifying phytoplankton
populations (Frankignoulle et al. 1994; Purdie and Finch
1994). Interpretation of ﬁeld data relating partial pressure of
CO2 (pCO2) with coccolithophorid calciﬁcation is, however,
complicated by small alkalinity changes associated with
N-source utilization and the recently demonstrated corre-
lation between pCO2 decrease and sedimentation and disso-
lution of calcite in a coccolithophore bloom (Buitenhuis
et al. 2001). Zondervan et al. (2001) have recently discussed
the effects of decreased calciﬁcation/photosynthesis ratio on
air-sea exchange of CO2.
CaCO3 production is largely limited to the upper photic
zone of the ocean, while particulate Ci in the form of CaCO3
sinks to the deep ocean where it contributes to calcareous
sediments, though in deep waters up to 90% of this CaCO3
re-dissolves below the lysocline (Milliman et  al.  1994;
Westbroek et al. 1994). Sinking is facilitated by zooplankton
grazing, the formation of faecal pellets, and by the forma-
tion of aggregates (Honjo 1976; Harris 1994). Over geolog-
ical timescales (ca 100 myr), tectonic activity results in the
subduction of sediments, and release of CO2 during volcanic
activity. Uplifting of sediments leads to removal of atmos-
pheric CO2 during weathering, and dissolution of carbonates
and recycling of Ci back to the oceans (Varekamp et al.
1992; Westbroek et al. 1993, 1994)
Calciﬁcation and photosynthesis
Phytoplankton carbon acquisition
Photosynthesis by marine phytoplankton requires the acqui-
sition of Ci from the external aqueous medium. Rubisco
catalyses the ﬁxation of CO2 into 3-phosphoglycerate. In
addition to its carboxylase activity, Rubisco also catalyses
the oxygenation of ribulose-1,5-bisphosphate. The ratio of
carboxylation/oxygenation is related to the concentrations
of CO2 and O2, and to the speciﬁcity factor of the enzyme, τ
[deﬁned as (Ko/Kc)(Vc/Vo), where Kc and Ko are CO2 and
O2 concentrations, respectively, at half-saturated rates of
carboxylase (Vc) and oxygenase (Vo) activity]. Km values for
Rubisco in marine phytoplankton vary considerably (Raven
1997), but are generally higher than the ambient seawater
CO2 concentration. Values of τ   in marine phytoplankton
appear to have evolved towards higher CO2 afﬁnity in
response to decreased CO2 over geological time (Tortell
2000). The appearance of the coccolithophores in the
geological record approximately 250 myr ago correlates
with τ   values roughly intermediate between those of more
ancient green algae and the more recent diatoms. In the
absence of mechanisms that can elevate the CO2 at the site
of Rubisco action, phytoplankton growth may potentially be
limited by CO2 availability under a range of oceanic
conditions. CO2 availability at the cell surface will depend
on the rate of depletion of CO2 arising from diffusion into
the cell, together with the rate of hydration and dehydrationCoccolithophore calciﬁcation 291
of CO2 at the cell surface (Riebesell et al. 1993). Various
carbon concentrating mechanisms have been described, and
an inverse relation has been found between τ  and the
measured ratios of internal to external Ci (Tortell 2000).
Estimates vary of the extent to which coccolithophores are
able to accumulate dissolved Ci above ambient seawater
levels, ranging from no accumulation (Nimer and Merrett
1992) to values approximately 10-fold higher than ambient
(Sekino and Shiraiwa 1994), but these are generally lower
than dinoﬂagellate and cyanobacterial concentration ratios
(Badger et al. 1998; Tortell 2000). Mechanisms of carbon
accumulation in eukaryotic phytoplankton and cyano-
bacteria involve uptake of HCO3
– and/or CO2 (Nimer et al.
1997; Raven 1997; Tortell et al. 1997; Badger et al. 1998;
Matsuda et al. 1998; Badger et al. 2002; Colman et al. 2002;
Morel et al. 2002) and generation of CO2 from accumulated
HCO3
– close to the site of Rubisco action, which may
involve the activity of chloroplast carbonic anhydrase (CA)
(Raven 1997). Moreover, in several species the presence of
external CA activity correlates well with the ability to
elevate internal Ci to levels signiﬁcantly higher than ambient
(Badger et al. 1980; Aizawa and Miyachi 1986; Spalding
et al. 1993; Nimer et  al. 1997, 1999). The operation of
external CA (CAext) can result in increased availability of
CO2 at the cell surface by reducing the kinetic constraints of
CO2 hydration/dehydration. 
Calciﬁcation in coccolithophores: an alternative strategy for 
photosynthetic carbon acquisition?
The formation of CO3
2–  from HCO3
– results in the net
production of H+:
HCO3
– ↔   CO3
2–  + H+ (2)
H+ produced in this reaction can potentially offset any
cytoplasmic alkalinization resulting from HCO3
– utilisation
and the action of CA in the chloroplast (Fig. 1; Quiroga and
Gonzalez 1993; Nimer et al. 1994; Brownlee et al. 1995;
McConnaughey and Whelan 1996). In order to demonstrate
that calciﬁcation enables use of HCO3
– for photosynthesis,
leading to reduced reliance on diffusive CO2 entry, certain
postulates need to be satisﬁed. Firstly, HCO3
– rather than
CO3
2– or CO2 should be the carbon species used for
calciﬁcation. Moreover, HCO3
– use for photosynthesis
should be detected when CO2 is limiting, and calcifying
cells should photosynthesise and grow better than non-
calcifying cells at low CO2. Additionally, if the sole function
of calciﬁcation was to provide an alternative source of CO2,
calciﬁcation rate might be expected to vary according to
CO2 availability. However, while elevated CO2 levels have
been shown to reduce calciﬁcation relative to photosynthesis
(Riebesell et al. 2000; Zondervan 2001), there is little direct
evidence to show that decreased CO2 availability can lead to
increased calciﬁcation. Finally, the overall costs, in terms of
energy or nutrient resources of providing CO2 via calciﬁ-
cation should not be greater than the costs of elevating CO2
at the site of Rubisco by alternative carbon acquisition
mechanisms.
Dependence of photosynthesis on calciﬁcation
Measurements of calciﬁcation rate in E. huxleyi have shown
that, in calcifying and photosynthesising cells, the rates of
carbon ﬁxation into calcite and organic fractions can occur
in a 1:1 ratio or higher (Paasche 1964; Balch et al. 1992;
van Bleijswijk et al. 1994). Calciﬁcation rate increases with
increasing irradiance, though calciﬁcation is not absolutely
dependent on photosynthesis, since calciﬁcation can occur
at signiﬁcant rates in darkness (Linschooten et al. 1991). 
There is good evidence to indicate that coccolithophores
are able to take up external HCO3
–, and that this is the
substrate for calciﬁcation (Sikes et  al. 1980; Nimer and
Merret 1992; Sekino and Shiraiwa 1994; Israel and
Gonzalez 1996). However, evidence for the direct use of
external HCO3
– for photosynthesis is less clear. 14C-isotopic
discrimination experiments which monitored the rate at
which  14C appeared in calcite or organic carbon when
supplied in the external medium as H14CO3
– or CO2 (Sikes
et al. 1980), suggested that HCO3
– was the primary source
of coccolith calcite but that CO2, when available, was
preferentially used for photosynthesis. While CO2 has been
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Fig. 1. Summary of the hypothesis that calciﬁcation provides a
source of H+ to facilitate CO2 generation during intracellular
calciﬁcation in coccolithophores. In addition to direct CO2 diffusion to
the chloroplast, HCO3
– uptake provides a substrate both for
calciﬁcation in the CV and elevation of CO2 in the chloroplast.
Physiological evidence for these processes is supported by the
presence of CA in the chloroplast and apparent absence of external CA
(see text for details). In this scheme, the utilization of HCO3
– for
photosynthesis is facilitated by the production of H+ by calciﬁcation in
the CV.292 L. Berry et al.
proposed as the external substrate for calciﬁcation in
coccolithophores (McConnaughey 1998), the absence of
CAext (Sekino and Shiraiwa 1994; Nimer et  al. 1999)
suggests that HCO3
– uptake, rather than CO2 produced from
external HCO3
–, provides the carbon source for calciﬁ-
cation. Furthermore, Sekino and Shiraiwa (1994) also
provided evidence, using radiotracer techniques, that
external CO2 was apparently not utilised for calciﬁcation.
While available evidence suggests that HCO3
– uptake does
occur in coccolithophores, the extent to which this results in
direct utilization of accumulated Ci for photosynthesis is not
clear. Nimer and Merrett (1992) showed that while calci-
fying and non-calcifying cultures of E. huxleyi cells differed
greatly in their photosynthetic capacity at limiting external
[CO2], they had similar intracellular [Ci] which was lower
than ambient [Ci]. In contrast, Sekino and Shiraiwa (1994)
showed Ci accumulation signiﬁcantly above ambient levels
in a low-calcifying strain of E.  huxleyi. However, these
authors concluded that this intracellular Ci was not signiﬁ-
cantly utilised for photosynthesis in these cells, which were
primarily dependent on external CO2 for photosynthesis. In
contrast, Israel and Gonzalez (1996), studying the effects of
external pH on calciﬁcation and photosynthesis in the
coccolithophorid  Pleurochrysis, showed that an adequate
CO2 supply to photosynthesis required HCO3
– utilization
and calciﬁcation.
Comparisons between calcifying and non-calcifying
strains of E.  huxleyi have provided evidence that calciﬁ-
cation can increase the apparent photosynthetic afﬁnity for
external CO2. Thus, calcifying cells were able to photo-
synthesise and grow at signiﬁcantly higher pH and lower
CO2 levels than non-calcifying cells of a different strain
(Nimer and Merrett 1992). At relatively high external pH
(8.3), photosynthesis and calciﬁcation in a high-calcifying
strain were dependent on the presence of external Ca2+ to a
similar degree (Brownlee et al. 1994). However, the depend-
ence of photosynthesis on calciﬁcation in calcifying cells is
not absolute. Paasche (1964) demonstrated that calciﬁ-
cation, but not photosynthesis, was markedly inhibited by
low external Ca2+ at pH 8.0 and 3.4 mM external Ci.
However, at these values, external CO2 would be present at
around 30 µM, which would arguably be high enough to
sustain photosynthesis by diffusive CO2 entry. 
In a detailed analysis of Ci uptake in a calcifying strain of
E. huxleyi, Buitenhuis et al. (1999) carried out a series of
multi-dimensional experiments, keeping one parameter con-
stant (CO2, alkalinity, or CO3
2–) while allowing the other
two to co-vary by adjusting total Ci and pH. This study
revealed some interesting and important features of Ci
uptake. Firstly, calciﬁcation and photosynthesis were shown
to be independent of [CO3
2–] while showing a close
correlation with [HCO3
–]. Moreover, photosynthesis or
calciﬁcation did not correlate with [CO2] at Ci levels above
0.5 mM. Signiﬁcantly, a minimum [HCO3
–]ext of 0.5 mM was
required for calciﬁcation. At Ci levels below 0.5 mM,
photosynthesis was dependent on CO2, and showed satura-
tion at seawater [CO2]. Indeed, when [HCO3
–] was below
0.5 mM, the K0.5(CO2) for photosynthesis was shown to be
1.9 µM, signiﬁcantly below previous estimates of K0.5(CO2)
(Raven and Johnston 1991) and well below most estimates
of Rubisco Km(CO2). However, Buitenhuis et  al. (1999)
further showed that, at [CO2] at which photosynthesis was
saturated, increasing [HCO3
–]ext above 0.5 mM to enable
calciﬁcation could lead to a substantial further increase of
photosynthesis [K0.5(HCO3
–) = 3.25 mM]. If calciﬁcation
provides a source of H+ to allow the production of CO2 from
HCO3
–, then an apparent paradox arises whereby cells that
are already saturated with CO2 can be stimulated to
photosynthesise further by calciﬁcation-induced CO2 pro-
duction. This can possibly be explained in two ways. Firstly,
the provision of H+ by calciﬁcation may overcome an
additional H+-dependent, photosynthesis-limiting process
that is not directly related to CO2 production. Secondly, if
CO2 uptake across the plasma membrane is saturated at
seawater CO2 concentrations, calciﬁcation could allow
intracellular H+ and CO2 production that could overcome
this transport-limited saturation.
Calciﬁcation, light and nutrients
Blooms of E.  huxleyi frequently occur in shallow mixed
waters and surface oceanic waters in high light conditions
where photoinhibition may limit the growth of other phyto-
plankton species (Nanninga and Tyrrell 1996). E. huxleyi
does not appear to be photoinhibited even at very high
photon ﬂux densities (above 750 µmol photons m–2 s–1). This
has led to suggestions that calciﬁcation may have a direct
function in preventing photoinhibition, either by shielding of
the photosystems by the external coccoliths or by providing
metabolic protection against photoinhibition by an as yet
unknown mechanism (Nanninga and Tyrrell 1996). While
rigorous tests have yet to be carried out at a wide range of
photon ﬂux densities, there is so far little evidence to support
these hypotheses, since removal of coccoliths from calcify-
ing cells or exposure of non-calcifying cells to high light has
not been shown to lead to increased photoinhibition (Paasche
1964; Paasche and Klaveness 1970; Nanninga and Tyrrell
1996). 
Studies of calciﬁcation in relation to nutrient availability
indicate that calcifying blooms of coccolithophores often
correlate with high N:low P waters (Nanninga and Tyrrell
1996; Tyrrell and Taylor 1996). In culture experiments,
Paasche (1998) showed that reduced levels of both P and N
increased the number of coccoliths produced per cell of
E. huxleyi. Paasche (1998) also showed that cell division
was more sensitive than calciﬁcation to reduced nutrients.
We have studied the interaction between nutrient (N and P)
levels, carbon availability, photosynthesis, and calciﬁcation
in E. huxleyi. Our data also indicate that calciﬁcation isCoccolithophore calciﬁcation 293
stimulated both by reduced N and P (Fig. 2) and, in
agreement with the data of Buitenhuis et al. (1999), indicate
that increasing seawater [Ci] can increase the rate of
calciﬁcation, at least in low-nutrient conditions. This effect
is more pronounced at higher pH. In the strain used in these
studies (strain L, Netherlands Institute for Sea Research),
cells grown in high N or P showed little or no calciﬁcation
relative to organic carbon ﬁxation. Figure 2b also shows that
reduced availability of P resulted in increased calciﬁcation
relative to photosynthesis, and that this was stimulated
further by reduced N and P. Under these low nutrient
conditions, the absolute rates of photosynthesis were signif-
icantly reduced (Fig. 2a). However, the increased calciﬁ-
cation/photosynthesis (C:P) ratios in low nutrient cultures
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Fig. 2. Calciﬁcation and photosynthesis in Emiliania huxleyi in relation to nutrient levels during growth. (a) Calciﬁcation
(black bars) and photosynthesis (white bars) monitored by uptake of 14C. Error bars show ± s.e. (b) Calciﬁcation/photosynthesis
(C:P) ratios determined from data in (a). Cells were grown in artiﬁcial seawater medium (f/2 medium; Guillard 1975) containing
high N and P (HN:HP; 882 µM N and 35 µM P), low N and P (LN:LP; 35 µM N and 1.4 µM P), or high N and low P (HN:LP).
Medium salinity was 35‰. Dilute batch cultures were grown in 1.0-L ﬂasks at 100 µmol m–2 s–1 photon ﬂux density in a 12-h
light–dark regime at 16.5°C. Maximum speciﬁc growth rates were between 0.4 and 0.5 d–1. Experiments were carried out on mid-
to late-exponential phase cultures, normally 8 d following subculturing into fresh medium. Typical cell densities at this stage
were 2 ×  106 and 0.5 ×  106 cells cm–3 for HN:HP and LN:LP cultures, respectively. For 14C uptake, 30-cm–3 samples were gently
centrifuged (5 min at 1600 g) and resuspended in 30 cm–3 fresh HN:HP, HN:LP or LN:LP media at pH 6.3, 8.0 or 9.1,
containing either 2.0 or 7.0 mM Ci. Samples were labelled with 0.25 µCi cm–3 NaH14CO3 for 3 h under illuminated culture
conditions, and carbon ﬁxation into organic and calcite fractions was measured as described by Paasche and Bruback (1994;
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reﬂected increased absolute rates of calciﬁcation, and not
simply inhibition of photosynthesis (Fig. 2a). Increasing
[Ci]ext from 2.0 to 7.0 mM led to further increases in
calciﬁcation rate, approaching C:P ratios of 1:1 at pH 9.1
and an almost doubling of C:P ratio at pH 8.0 in low, but not
high, nutrient conditions (Fig. 2b). A signiﬁcant difference
was also found between high- and low-nutrient cultures in
their responses of calciﬁcation and photosynthesis to ele-
vated pH. Except in the high Ci/low N and P cultures,
photosynthetic carbon ﬁxation always decreased with
increasing pH. The increase in photosynthetic carbon
ﬁxation in the high-pH/high-Ci treatment at low N and P
may be explained by a stimulation of photosynthetic carbon
ﬁxation by calciﬁcation. Decreasing the availability of CO2
by increasing pH had little effect on calciﬁcation in
high-nutrient cultures. While decreased calciﬁcation at pH
6.3 in Fig. 2 could be due to calcite dissolution, the
differences in C:P ratios between the high- and low-nutrient
cultures at this pH suggests the involvement of factors other
than a direct pH effect. Similarly, the absence of increased
calcite production at pH in the high-nutrient cultures
suggests the absence of a direct abiotic pH effect on calcite
precipitation. The present study also shows that in
high-nutrient, low-calcifying cultures, increasing Ci at pH
values of 8.0 and 9.1 did not lead to increased photo-
synthesis. This contrasts with the results of Nielsen (1995),
who showed that O2 evolution increased with increased Ci
levels above 2.0 mM in both low- and high-calcifying
cultures of E. huxleyi. Since the experiments of Nielsen
were carried out below pH 8.0, and since low pH in Fig. 2a
produced relatively high rates of photosynthesis, these
results are also consistent with the speculation (see above)
that pH-dependent processes, in addition to CO2 availabil-
ity, may limit the rate of photosynthesis. The mechanisms
underlying increased C:P ratios and the role of calciﬁcation
under low-nutrient conditions are unknown, though it is
possible that calciﬁcation may provide a source of H+ that
may be used in nutrient acquisition or assimilation. Alter-
natively, carbon acquisition via calciﬁcation may improve
the resource-use efﬁciency of photosynthesis (see Beardall
and Giordano 2002). However, the signiﬁcance of the
results described here to natural bloom conditions is
difﬁcult to assess. A wide range of different isolates of
E. huxleyi has been used in physiological studies of calciﬁ-
cation and photosynthesis. Though no large-scale system-
atic comparisons have been made, it is clear that strains can
differ considerably in their calciﬁcation properties
(e.g. Nimer and Merret 1993; van Bleijswijk et al. 1994).
Moreover, while these different physiological characteris-
tics may reﬂect the ability of E. huxleyi to bloom under a
variety of conditions (Medlin et al. 1996), no ecological
relevance had been ascribed to the calciﬁcation properties
of any particular coccolithophore isolate.
Transport processes in calciﬁcation
Transport of products: H+ and CaCO3
Since calciﬁcation in heterococcolith-producing coccolitho-
phores occurs in an intracellular compartment, signiﬁcant
costs and constraints are likely to be associated with transport
of substrates into the CV and the export of products. Relevant
transport processes include the cost of moving HCO3
– and
Ca2+ into, and the removal of H+ and calcite from, the CV
(Brownlee et al. 1994). Calcite removal occurs via fusion of
the CV membrane with the plasma membrane and secretion
of the coccolith to the cell surface (van der Wal 1984), a
process that will require metabolic energy, though the costs of
this process are difﬁcult to quantify. 
Estimates of the energetic requirements for H+ extrusion
from the CV have been made on the basis of measurements
of coccolith and cytoplasmic pH in the larger-celled cocco-
lithophore C. pelagicus using ﬂuorescent intracellular pH
indicators and confocal microscopy (Dixon et al. 1989;
Anning et al. 1996). Parallel measurements of the electrical
potential difference across the plasma membrane and cocco-
lith vesicle membrane using the ﬂuorescent lipophilic cation
probe tetra methyl rhodamine ester (TMRE) have allowed
calculation of the electrochemical potential gradients for H+
across these membranes (Anning et al. 1996). This study
gave a mean cytosolic pH of 7.0 and a maximum CV pH of
8.2 in calcifying cells. The estimated mean H+ electro-
chemical gradient across the CV suggested that less than 5%
of the total energy needed to ﬁx 1 mol of carbon in the
Calvin cycle was required to remove 1 mol of H+ from the
CV . A candidate V-type ATPase that may be involved in H+
removal from the CV has been cloned from calcifying cells
of  Pleurochrysis sp. (Corstjens et  al. 2001). Antibodies
raised to this polypeptide showed cross-reactivity with a
CV-enriched subcellular fraction. This correlates with the
demonstration of Ca2+-stimulated V-type ATPase activity in
the CV membrane (Araki and Gonzalez 1998). The possible
involvement of a V-type ATPase in H+ removal from the CV
raises the paradox that H+ pumping must occur in the
opposite direction to that of V-type ATPases, so far
described in eukaryotes, which have roles in Golgi or
vacuole acidiﬁcation (Harvey 1992).
Transport of substrates: HCO3
– and Ca2+
If HCO3
– is not accumulated to any signiﬁcant extent by
coccolithophores, entry into the cell and into the coccolith
vesicle could occur passively. At intracellular [HCO3
–]
0.25 mM (Nimer and Merrett 1992; Dong et al. 1993), the
equilibrium potential for HCO3
– across the plasma membrane
would be comparable with membrane potential estimates of
–60 mV obtained by using ﬂuorescent probes (Anning et al.
1996), suggesting that intracellular HCO3
– is in electro-
chemical equilibrium with extracellular HCO3
–. However,
active transport of HCO3
– across the plasma membrane wouldCoccolithophore calciﬁcation 295
be required, to achieve the higher published values of 10-fold
accumulation (Sekino and Shiraiwa 1994) for Ci in E. huxleyi
cells. So far, knowledge of the transporters for HCO3
– or CO2
in coccolithophores lags far behind that for cyanobacteria and
several eukaryotic algae (cf. Badger et al. 2002; Colman et al.
2002). Investigation of the molecular nature of plasma
membrane Ci transporters, the identity of counter- or
co-transported ions, and the regulation of Ci uptake in
coccolithophores is urgently needed.
Calciﬁcation in coccolithophores is critically dependent
on uptake of Ca2+ from the external medium to the CV , and
knowledge of the pathways and mechanism of Ca2+ transport
is essential to understanding the mechanism and role of
calciﬁcation. Since transcellular movement of Ca2+ occurs
from the external medium to the CV , at least in hetero-
coccolith-producing species, any kinetic or energetic con-
straint on the movement of Ca2+ associated with the transport
pathway will impose constraints on the production of calcite
in the CV . While it has not so far been possible to measure
directly the free [Ca2+] in the CV , estimates of [Ca2+] required
to achieve calcite precipitation in the CV are in the
millimolar range (Anning et al. 1996). Cytosolic [Ca2+], in
common with resting levels in all eukaryotes, has been
measured at around 100 nM (Brownlee et al. 1995). Thus,
Ca2+ would need to be transported against a 104-fold
concentration gradient from the cytosol to the Golgi/CV if all
of the Ca2+ entering the Golgi/CV was transported by
‘conventional’ means, through Ca2+ channels in the plasma
membrane, across the cytoplasm and across the Golgi/CV
membrane. The energy requirements for this transport step
would be equivalent to more than 20% of the total cost of
ﬁxing an equivalent amount of carbon in the Calvin cycle
(Anning et al. 1996). Ca2+ transport to the CV would be
further constrained by the low [Ca2+] and the low net
diffusion rates of free Ca2+ in the cytosol (Raven 1980;
Brownlee et al. 1994). Alternative pathways of Ca2+ transport
to the CV are possible that could minimise the involvement
of cytoplasmic Ca2+ diffusion, and reduce the energetic or
ﬂux constraints of Ca2+ transport to the CV (Fig. 3).
(i) Movement of bound Ca2+ across the cytoplasm 
It would be possible to achieve large ﬂuxes of Ca2+ across
the cytosol, if Ca2+ moved in association with mobile
chelators that exchanged rapidly with free Ca2+ (Raven
1980). However, this mechanism would not overcome the
energetic constraints, since only cytosolic free-Ca2+ would
be available for transport into the Golgi/CV .
(ii) Endocytotic Ca2+ entry 
Both the ﬂux and energetic constraints of Ca2+ movement
into the Golgi/CV could be overcome if Ca2+ entered the cell
via an endocytotic route, whereby Ca2+ was loaded into
endocytotic vesicles that translocated to the Golgi. The
mechanism would require a high rate of membrane cycling
to the Golgi. Recycling of plasma membrane to the Golgi is
a general feature of secretory cells in both animals and
plants (Battey et  al. 1999). The carrying capacity of
endocytotic vesicles for Ca2+ and the selectivity for Ca2+
over other ions, particularly Na+, could theoretically be
increased by the presence of Ca2+-binding sites in regions of
the cell surface at which membrane cycling occurs. While a
calcium-binding protein (GPA) has recently been localised
to the cell periphery of E. huxleyi (Corstjens et al. 1998), its
association with the coccolith polysaccharide involved in
calcite precipitation suggests that its primary role may be
more directly related to calcite precipitation and regulation
of coccolith formation, than delivery of Ca2+ to the CV . It is,
however, clear that membrane cycling must be a signiﬁcant
feature of calciﬁcation since cell size does not increase
during exocytosis of coccoliths. Using membrane-speciﬁc
ﬂuorescent membrane markers, we have shown that signiﬁ-
cant recycling of the plasma membrane to the CV region
does indeed occur (Fig. 4). However, our own unpublished
observations using a variety of other ﬂuorescent markers
have not revealed the presence of ﬂuid-phase endocytosis,
suggesting that Ca2+ entry via this route is not signiﬁcant.
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Fig. 3. Schematic of putative transport routes of Ca2+ to the site of
calciﬁcation in the Golgi/CV. (a) Entry across the plasma membrane
and diffusion across the cytoplasm coupled with active pumping of
Ca2+ into the Golgi and/or CV. (b) Endocytotic uptake of Ca2+ and
eventual delivery of Ca2+ to the Golgi/CV via vesicle transport.
(c) Entry of Ca2+ into, and transcellular transport through, the cortical
ER (CER), followed by ER–Golgi vesicle transport.296 L. Berry et al.
(iii) Role of the endoplasmic reticulum in Ca2+ 
accumulation 
The constraints associated with the conventional model
for Ca2+ transport (plasma membrane–cytosol–Golgi) can
potentially be overcome if Ca2+ entering the cell is seques-
tered into the endomembrane system, very close to the inner
surface of the plasma membrane. This could occur, for
example, if the endoplasmic reticulum (ER) was distributed
around the periphery of the cell. There is good evidence that
this is indeed the case. Electron microscope evidence shows
the presence of peripheral ER in a range of Haptophyte
species, including the coccolithophores E. huxleyi (Hori and
Green 1985) and Pleurochrysis  carterae (Beech and
Wetherbee 1988). The ER appears to be closely appressed to
the plasma membrane around the whole cell. The impli-
cation for Ca2+ transport is that the immediate destination
for any Ca2+ entering the cell across the plasma membrane
will be the restricted cytoplasmic space between the plasma
membrane and ER, which may be as small as a few tens of
nm in thickness. Ca2+ inﬂux into this space could result in
localised Ca2+ concentrations in excess of the mean
cytosolic free-Ca2+. This would signiﬁcantly reduce the
electrochemical potential gradient for Ca2+ across the ER
membrane. Recent studies in our laboratories using Ba2+ as
a marker for Ca2+ entry, together with EM electron energy
loss spectroscopy (EELS), provides evidence that the ER is
able to sequester signiﬁcant amounts of divalent cations
entering the cell. Figure 5 shows the preferential accumu-
lation of Ba2+ in the cortical ER, the chloroplast envelope,
and the nuclear envelope, following pulse-chase labelling of
a  C.  pelagicus cell with Ba2+. These observations are
consistent with a role for the ER as the main conduit for
transcellular Ca2+ movement to the CV . The carrying
capacity of the ER for Ca2+ could be signiﬁcantly increased
by the presence of Ca2+-binding proteins in the ER lumen.
While Ca2+-binding proteins occur in the ER of eukaryotic
cells, so far no ER-resident Ca2+-binding protein has been
characterised from coccolithophores. If high concentrations
of bound Ca2+ were maintained in the Golgi by the presence
of Ca2+-binding macromolecules, then large ﬂuxes of bound
Ca2+ to the coccolith vesicle could be sustained. Indeed,
Marsh (1995) has shown the existence of two Golgi-
associated polyanionic acidic polysaccharides (PS-1 and
PS-2) in the coccolithophore P.  carterae that could be
involved in delivery of Ca2+ to the CV . However, estimates
of the binding capacity of polysaccharides and the
Ca2+/polyanion ratio in mature coccoliths, have indicated
that less than 10% of coccolith Ca2+ could be transported by
polysaccharide polyanions, unless 90% of these poly-
saccharides were degraded at the site of calcite crystalliz-
ation or if signiﬁcant recycling of polysaccharide occurred.
This has been shown not to be so (Marsh 1995). Virtually all
of the PS-1 and PS-2 synthesised is eventually secreted to
the cell surface with the coccoliths. Moreover, Corstjens
et  al. (1998) have reported that the only acidic poly-
saccharide occurring in E. huxleyi was associated with the
coccolith. This is also secreted to the cell surface, and its
probable role lies in the regulation of the rate of calcite
precipitation (De Jong et al. 1976)
Ca2+ channels in the plasma membrane would be
required to facilitate the large transmembrane ﬂuxes of Ca2+
into the ER. The identiﬁcation of ion channels that might
play a role in calciﬁcation is the subject of ongoing studies. 
Concluding remarks
If the ER provides a signiﬁcant route for Ca2+ entry into the
CV , calciﬁcation in the coccolithophorids may have evolved
via relatively minor changes in the normal Ca2+ homeostasis
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Fig. 4. Membrane cycling in coccolithophores visualised by the
membrane-speciﬁc marker FM1-43. Cells were incubated in
1 µM FM1-43 (from a 1.0 mM stock solution of FM1-43 in dimethyl
sulfoxide) in seawater for 60 min, and FM1-43 ﬂuorescence was
visualized at 530 nm following excitation at 488 nm with a confocal
microscope (Model 1024, BioRad, Hemel Hempstead, UK).
Brightﬁeld images are shown in A, C, and E. Fluorescent images are B,
D and F. Signiﬁcant dye internalisation into a discrete intracellular
region is apparent in cells of a calcifying strain (strain L; A, arrow in
B), but not in a cell of a non-calcifying strain (strain 279; C, D) of
Emiliania huxleyi. Calcifying cells of Coccolithus pelagicus (E, F)
show signiﬁcant membrane cycling to a compartment adjacent to a
mature CV (arrows). Bar = 1 µm in A–D, 5 µm in E, F.Coccolithophore calciﬁcation 297
machinery. ER distribution beneath the plasma membrane
appears to be widespread amongst the Haptophyte algae,
where its function may be related to the sequestering of Ca2+
entering the cell across the plasma membrane. Calcite
precipitation and coccolith secretion would serve to remove
excess Ca2+, and would provide a selective advantage via the
production of H+, facilitating the use of HCO3
– as a source
of Ci for photosynthesis.
The precise function of calciﬁcation in coccolithophores
remains enigmatic. While there is evidence that calciﬁcation
may enable the use of HCO3
– for photosynthesis, it is clear
that calciﬁcation is not necessarily triggered by CO2 limita-
tion alone. The availability of nutrients also appears to play
an important role in the regulation of calciﬁcation. The
direct relevance of many culture studies to coccolith ecology
is not clear, in part due to the use of many different strains
with different calciﬁcation properties, ranging from consti-
tutively calcifying to non-calcifying. A great challenge
remains in relating a mechanistic understanding of calciﬁ-
cation and photosynthesis to the complex factors that
control coccolithophore calciﬁcation and growth in the ﬁeld.
Elucidation of the molecular mechanisms for transport of
Ca2+, HCO3
–, and H+, the interactions with nutrient acquisi-
tion, assimilation and photosynthesis at a molecular level
will be required before this is possible.
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